Abstract. MicroRNAs (miRs) play crucial roles in tumorigenesis by directly suppressing the protein expression levels of their target genes. miR-204 has been suggested to act as a tumor suppressor in several types of human cancer. However, the exact role of miR-204 in osteosarcoma (OS) remains undetermined. In the present study, we aimed to investigate the effects of miR-204 on OS cell proliferation, migration and invasion, as well as the underlying molecular mechanisms. We found that the expression of miR-204 was frequently downregulated in four OS cell lines compared to the level in normal human osteoblast cells. Moreover, overexpression of miR-204 significantly inhibited the proliferation, migration and invasion of OS cells. Based on bioinformatics prediction and a luciferase reporter assay, we identified Sirtuin 1 (Sirt1) as a direct target gene of miR-204 in OS Saso-2 cells. Moreover, the protein expression of Sirt1 was negatively mediated by miR-204 in the OS cells. siRNA-mediated knockdown of Sirt1 also inhibited the proliferation, migration and invasion of the OS cells. Moreover, overexpression of Sirt1 reversed the inhibitory effect of miR-204 overexpression on the proliferation, migration and invasion of the OS cells. In addition, after miR-204 overexpression or Sirt1 knockdown in OS cells, the expression of E-cadherin was increased, while the N-cadherin protein level was reduced. Based on these findings, we suggest that miR-204 inhibits the proliferation, migration, invasion and epithelial-mesenchymal transition (EMT) of OS cells by directly targeting Sirt1.
Introduction
Osteosarcoma (OS), the most common mesenchymal sarcoma in bone, mainly arises from the meta physis of the long bones of adolescents and young adults (1) . Despite the fact that great efforts in the early diagnosis and effective treatment of OS have been achieved, the 5-year survival rate of patients with recurrent or metastatic OS remains ~30% (1) . As the deregulation of oncogenes or tumor suppressors has been found to play key roles in the growth and metastasis of OS, development of potential molecular targets shows promise for the effective therapy of OS (2) .
MicroRNAs (miRs), a type of short non-coding RNAs, generally cause mRNA degradation or inhibition of protein translation, by directly binding to the 3'-untranslational region (3'-UTR) of their target mRNAs (3) . By mediating the expression of their target genes, miRs play important roles in the regulation of various biological processes, including cell proliferation, differentiation, apoptosis, cell cycle progression and migration (4) . Furthermore, both the upregulation of oncogenic miRs and the downregulation of tumor-suppressor miRs are involved in tumorigenesis and cancer metastasis (5, 6) . Among these miRs, miR-204 generally acts as a tumor suppressor in human cancer. Li et al showed that downregulation of miR-204 was associated with poor prognosis in patients with breast cancer (7). Xia et al reported that miR-204 is downregulated in non-small cell lung cancer (NSCLC), and was found to inhibit proliferation, invasion and epithelialmesenchymal transition (EMT) by targeting SIX1 in NSCLC cells (8) . However, the exact role of miR-204 in OS remains to be elucidated.
The present study aimed to reveal the exact role of miR-204 in the regulation of cell proliferation, migration, invasion and EMT in OS in vitro. In addition, we also investigated the underlying mechanisms, focusing on the target gene of miR-204 in OS cells. Luciferase reporter assay. Luciferase reporter assay was performed to clarify whether Sirt1 is a direct target gene of miR-204. Briefly, total cDNA from OS Saos-2 cells was used to amplify the 3'-UTR of Sirt1, which was then cloned into the pMIR-REPORT vector (Life Technologies). Mutations were introduced within the potential seed sequences of the 3'-UTR of Sirt1 using the QuikChange Site-Directed Mutagenesis kit (Stratagene). The seed sequences AAAGGGAA were mutated into AAACCCAA. Using Lipofectamine 2000, the cells
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were transfected with the pMIR-REPORT vectors containing the wild-type or mutant type of Sirt1 3'-UTR and miR-204 mimics, respectively. The pRL-Sv40 vector (Promega, USA) carrying the Renilla luciferase gene was used as an internal control. Luciferase activity was determined after 48 h using the Dual-Glo substrate system and LD400 luminometer (Beckman Coulter, Kraemer Boulevard, Brea, CA, USA). Data are presented as the ratio of Renilla luciferase to firefly luciferase.
Cell proliferation assay. The MTT assay was used to measure cell proliferation. At 48 h post-transfection, the transfection medium in each well was replaced with 100 µl of fresh serum-free medium containing 0.5 g/l MTT. Subsequent to incubation at 37˚C for 4 h, the MTT medium was removed by aspiration, and 50 µl of dimethyl sulfoxide was added to each well. Following incubation at 37˚C for a further 10 min, the optical density at 570 nm was measured using the BioTek™ ELx800™ Absorbance Microplate Reader (BioTek, Winooski, vT, USA).
Cell migration assay. A wound healing assay was performed to evaluate the cell migratory capacity of the OS cells in each group. In brief, OS cells were cultured to full confluency. Wounds of ~1 mm in width were created with a plastic scriber, and cells were washed and incubated in a serum-free medium. After wounding for 24 h, the cells were incubated in a medium including 10% FBS. After being cultured for 48 h, the cells were fixed and observed under a microscope.
Cell invasion assay. Cells in each group were starved in serum-free medium for 24 h, and then resuspended in serumfree medium. The cell suspension was added into the upper chamber, while the lower chamber was filled with base medium containing 10% FBS. After incubation for 24 h, the cells that attached to the bottom were stained with crystal violet for 20 min, and then washed and dried in air. Invasive cells were observed under a microscope.
Statistical analysis. Data are expressed as mean ± standard deviation from at least three separate experiments. Differences were analyzed using one-way analysis of variance (ANOvA). SPSS 18.0 software was used to perform statistical analysis. P<0.05 was considered to indicate a statistically significant result.
Results
miR-204 is downregulated in the OS cells.
Real-time RT-PCR was used to detect the expression of miR-204 in four OS cell lines Saos-2, U-2 OS, HOS and MG-63, and in the normal osteoblast cell line NHOst. Our data showed that the expression of miR-204 was significantly reduced in the OS cell lines, when compared with that in the normal osteoblast cell line NHOst (Fig. 1) . We then chose Saos-2 and U-2 OS cells to perform functional analysis of miR-204 in OS in vitro.
Upregulation of miR-204 inhibits the proliferation, migration and invasion of OS cells.
The role of miR-204 in the regulation of proliferation, migration and invasion of OS cells was further investigated. After transfection of the Saos-2 and U-2 OS cells with miR-204 mimics, we firstly determined the level of miR-204 in each group. As shown in Fig. 2A , the miR-204 level was significantly increased after transfection compared to the control group. Cell proliferation assay data showed that overexpression of miR-204 notably inhibited the proliferation of the Saos-2 and U-2 OS cells, when compared to the control groups (Fig. 2B ). Subsequently, we determined the cell migration by performing a scratch assay. As shown in Fig. 3A , the migratory capacity of the OS cells transfected with the miR-204 mimics was significantly reduced, when compared to this capacity in the control groups. Moreover, miR-204 overexpression also suppressed the invasive capacity of the Saos-2 and U-2 OS cells, when compared to the control groups (Fig. 3B) . These findings suggest that miR-204 plays an inhibitory role in the regulation of proliferation, migration and invasion of OS cells.
Sirt1 is identified as a target gene of miR-204.
According to bioinformatics predication, Sirt1 is a putative target gene of miR-204 (Fig. 4A) . To confirm that Sirt1 is a target gene of miR-204, the luciferase reporter assay was performed to clarify whether miR-204 directly binds to their seed sequences in the Sirt1 3'-UTR in the Saos-2 cells. The luciferase activity was significantly decreased in the Saos-2 cells co-transfected with the wild-type (WT) Sirt1 3'-UTR and miR-204 mimics, but showed no difference in the Saos-2 cells co-transfected with the mutant type (MUT) Sirt1 3'-UTR and miR-204 mimics, when compared with that in the control groups (Fig. 4B) . These data indicate that Sirt1 is a target gene of miR-204. We then 
Sirt1 is involved in miR-204-mediated proliferation, migration and invasion of OS cells. To further clarify whether Sirt1 acts as a downstream effector in miR-204-mediated proliferation, migration and invasion of OS cells, we transfected
Saos-2 and U-2 OS cells with Sirt1 siRNA or co-transfected the cells with miR-204 mimics and the Sirt1 plasmid. After that, we firstly determined the protein expression of Sirt1 by performing western blotting in each group. As shown in Fig. 5A , transfection with Sirt1 siRNA significantly inhibited the protein expression of Sirt1 in the OS cells when compared to that in the control groups, while transfection with the Sirt1 plasmid reversed the inhibitory effect of miR-204 overexpression on Sirt1 protein expression in the OS cells. Subsequently, we determined the proliferation, migratory and invasive capacities of the OS cells in each group. Our data showed that inhibition of Sirt1 significantly inhibited OS cell prolif- eration (Fig. 5B), migration (Fig. 6A) and invasion (Fig. 6B) . However, overexpression of Sirt1 reversed the inhibitory effect of miR-204 upregulation on OS cell proliferation, migration and invasion (Figs. 5B, and 6A and B) , suggesting that Sirt1 is involved in the miR-204-mediated proliferation, migration and invasion of OS cells.
miR-204 and Sirt1 are involved in EMT of OS cells.
As EMT is also a key step in cancer metastasis in addition to migration and invasion, we further investigated the roles of miR-204 and Sirt1 in the EMT of OS cells. The protein expression of N-cadherin and E-cadherin was detected in the OS cells transfected with miR-204 mimics or Sirt1 siRNA using western blotting. As shown in Fig. 7 , the protein expression of E-cadherin was increased, while the N-cadherin protein level was decreased after miR-204 overexpression or Sirt1 knockdown in the OS cells, suggesting that miR-204 plays a suppressive role of EMT in OS cells via targeting Sirt1.
Discussion
Tumor cell proliferation, migration, invasion and EMT play key roles in tumor growth and metastasis. miR-204 generally acts as a tumor suppressor in human types of cancer, yet its exact role in OS remains unclear. In the present study, we showed that miR-204 was downregulated in OS cells compared to normal osteoblast cells, and played a suppressive role in the regulation of proliferation, migration and invasion of OS cells. Further investigation identified Sirt1 as a direct target of miR-204 in the OS cells, which was then found to be associated with miR-204-mediated OS cell proliferation, migration and invasion. In addition, we also found that miR-204 and Sirt1 play important roles in the regulation of EMT in OS cells.
It has been well established that deregulation of miRs is tightly associated with the development and progression of various types of human cancer including OS. For example, miR-451 expression is associated with the prognosis of OS patients, and it inhibits OS cell growth and invasion by targeting CXCL16 (9) . miR-382 was found to inhibit tumor growth and enhance chemosensitivity in OS (10). He et al found that miR-23 plays an inhibitory role in OS (11) . Other miRs were also reported to act as oncogenes or tumor suppressors in OS, such as miR-101, miR-126, miR-143, miR-194 and miR-217 (12) (13) (14) (15) (16) (17) . In the present study, we showed for the first time that miR-204 acted as a tumor suppressor in OS in vitro. Overexpression of miR-204 significantly inhibited OS cell proliferation, migration and invasion. Similar findings were also reported in other types of cancer. For example, Shi et al showed that decreased expression of miR-204 promoted NSCLC progression, while overexpression of miR-204 inhibited cell migration and invasion of NSCLC cells (18) . Zhou et al found that knockdown of miR-204 enhanced the proliferation and invasion ability of gastric cancer cells in vitro (19) . Moreover, Ying et al reported that overexpression of miR-204 expression suppressed tumorigenesis and invasiveness in glioma cells (20) .
As miRs play roles in human cancer via mediating the protein expression of their target genes (21), we further focused on the target of miR-204 in OS cells. Our data indicated that Sirt1 was a direct target gene of miR-204, and its protein level was negatively mediated by miR-204 in OS cells. In fact, this targeting relationship has also recently been demonstrated in gastric cancer cells (22) . Sirt1, a type of class III histone deacetylase, has been found to promote cell growth and angiogenesis, and block senescence and apoptosis, thus playing a key role in tumorigenesis and metastasis (23, 24) . In fact, the oncogenic role of Sirt1 has been previously suggested in OS.
Xu et al found that Sirt1 is a direct target of miR-126, which inhibited OS cell proliferation via inhibition of Sirt1 expression (25) . Moreover, Sirt1 was also suggested to be associated with resistance to chemotherapy in OS cells (26, 27) . In the present study, siRNA-mediated Sirt1 inhibition significantly suppressed proliferation, migration and invasion in OS cells, similar with the effects of miR-204 overexpression. Moreover, we found that overexpression of Sirt1 reversed the inhibitory effect of miR-204 upregulation on OS cell proliferation, migration and invasion, further confirming that miR-204 inhibited the malignant phenotypes of OS cells via targeting Sirt1.
EMT, a key step in cancer metastasis, in a process where epithelial cells lose epithelial characteristics and acquire mesenchymal characteristics (28) . As a hallmark of EMT, loss of E-cadherin expression is likely required for enhanced tumor cell motility. Moreover, upregulation of N-cadherin is another hallmark of EMT (29) . In the present study, we found that both overexpression of miR-204 and knockdown of Sirt1 led to decreased expression of N-cadherin and increased expression of E-cadherin in OS cells, suggesting that miR-204 inhibits EMT while Sirt1 promotes EMT in OS. As miR-204 negatively regulated the Sirt1 expression in OS cells, we suggest that the effect of miR-204 on EMT in OS cells may be through the modulation of its target Sirt1.
In addition, other miR-204 targets have also been identified, which act as oncogenes in various human types of cancer. For example, MAP1LC3B (LC3B) is a direct and functional target of miR-204, and miR-204 suppresses tumor growth through inhibition of LC3B-mediated autophagy in renal clear cell carcinoma (30) . Sacconi et al showed that miR-204 targeted Bcl-2 messenger RNA and increased the responsiveness of gastric cancer cells to 5-fluorouracil and oxaliplatin treatment (31) . Moreover, miR-204 induced pancreatic cancer cell death via targeting Mcl-1 (32) . In addition, NUAK1, RAB22A and SOX4, which play oncogenic roles, were also identified as direct targets of miR-204 in human types of cancer (18, 19, 33) . Therefore, the present study expands the understanding of the targets of miR-204 in human cancer. In conclusion, miR-204 plays an inhibitory role in the regulation of cell proliferation, migration, invasion and EMT of OS cells via targeting Sirt1, highlighting the significance of miR-204 and Sirt1 in molecular-targeted therapy for OS.
